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Abstract 

Water  removal  from  proton  exchange  membrane  fuel  cells  (PEMFC)  is  of  great  importance  to  improve  start-up  ability  and  mitigate  cell  degradation 
when  the  fuel  cell  operates  at  subfreezing  temperatures.  In  this  study,  we  report  water  removal  characteristics  under  various  shut  down  conditions 
including  a  dry  gas-purging  step.  In  order  to  estimate  the  dehydration  level  of  the  electrolyte  membrane,  the  high  frequency  resistance  of  the  fuel 
cell  stack  was  observed.  Also,  a  novel  method  for  measuring  the  amount  of  residual  water  in  the  fuel  cell  was  developed  to  determine  the  amount 
of  water  removal.  The  method  used  the  phase  change  of  liquid  water  and  was  successfully  applied  to  examine  the  water  removal  characteristics. 
Based  on  these  works,  the  effects  of  several  parameters  such  as  purging  time,  flow  rate  of  purging  gas,  operation  current,  and  stack  temperature  on 
the  amount  of  residual  water  were  investigated. 

©  2008  Elsevier  B.V.  All  rights  reserved. 
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1.  Introduction 

There  are  several  technical  barriers  to  be  overcome 
before  commercializing  proton  exchange  membrane  fuel  cells 
(PEMFC)  as  power  sources  in  automobiles,  even  though  they 
have  advantages  such  as  cleanliness  and  high  efficiency.  One  of 
the  emerging  problems  is  their  operation  in  cold  climates.  PEM- 
FCs  are  mainly  operated  in  the  temperature  range  of  60-80  °C, 
but  it  is  common  for  them  to  shut  down  and  start-up  fuel  cells 
under  subfreezing  temperatures.  Several  studies  revealed  that 
the  residual  water  in  the  fuel  cell  hinders  cold  start-up  and 
causes  irreversible  degradation  of  PEMFCs  when  they  are  kept 
in  subfreezing  temperatures  [1-8]. 
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The  main  cause  of  cell  degradation,  which  occurs  under  sub- 
freezing  temperatures,  is  ice  formation.  It  physically  damages 
the  cell  components,  such  as  gas  diffusion  media  (GDM),  the 
catalyst  layer,  and  the  electrolyte  membrane.  First,  when  vol¬ 
ume  expansion  due  to  the  ice  formation  occurs  in  the  GDM,  the 
hydrophobic  material  coated  on  carbon  fibers  is  delaminated 
and  the  pore  structure  is  destructed.  Oszcipok  et  al.  showed  by 
using  contact  angle  measurements  that  the  hydrophobicity  of  the 
GDM  was  appreciably  reduced  along  flow  patterns  after  oper¬ 
ation  at  temperatures  below  0°C  [5].  They  reported  that  water 
droplets  agglomerated  along  flow  patterns  in  the  GDM  of  the 
cathode  side,  which  indicates  that  the  hydrophobic  treatment  was 
degraded.  In  addition  to  the  contact  angle  measurements,  SEM 
evaluations  confirming  damage  of  the  GDM  were  performed  by 
Yan  et  al.  [6],  Second,  the  interface  between  a  membrane  and 
catalyst  layers  is  also  deteriorated  by  ice  lens  formation.  Sev¬ 
eral  studies  have  shown  that  a  catalyst  layer  was  delaminated 
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from  the  membrane  because  of  the  frost  heave  mechanism  due 
to  ice  lens  formation  [1,6-9].  Cho  et  al.  carried  out  two  different 
kinds  of  freeze-thaw  cycles:  one  contained  a  water-removal  step 
in  the  shut  down  procedure  and  the  other  did  not.  When  water 
was  not  removed  from  fuel  cell,  the  ohmic  and  charge  transfer 
resistance  increased  significantly  after  four  freeze-thaw  cycles 
whereas  no  performance  degradation  was  observed  when  the 
water  removal  step  was  adopted  [3],  Third,  ice  formation  also 
degrades  the  membrane.  Yan  et  al.  observed  pin  holes  in  the 
membrane  near  cathode  outlet  regions  after  operation  at  —  1 5  °  C 
[6].  Considering  these  several  studies,  there  seem  little  doubt 
that  water  removal  is  essential  in  order  to  mitigate  the  physical 
deterioration  of  fuel  cell  components. 

Water  removal  in  the  shut  down  process  is  essential  not  only 
to  prevent  cell  degradation  but  also  to  improve  the  start-up  abil¬ 
ity  under  cold  conditions.  Oszcipok  et  al.  examined  the  relation 
between  the  start-up  ability  and  operating  conditions  using  sta¬ 
tistical  methods  [5],  They  concluded  that  a  drier  membrane  is 
extremely  advantageous  to  start-up  PEMFCs  at  subfreezing  tem¬ 
peratures  since  heat  generation  originating  from  ohmic  losses  is 
large  when  the  membrane  is  dry.  Moreover,  in  the  same  article, 
the  authors  observed,  with  pressure  drop  measurements,  that 
gas  channels  were  blocked  with  ice,  resulting  in  start-up  failure 
and  electrode  deterioration  due  to  localized  fuel  starvation.  The 
water  removal  at  shut  down  could  reduce  the  channel  blockage 
in  a  cold  start-up.  In  addition,  if  there  is  a  significant  amount 
of  water  in  the  fuel  cell  stack,  the  water  acts  as  a  thermal  mass, 
resulting  in  an  obstacle  for  cold  start-up. 

Purging  dry  gas  in  the  shut  down  step  is  one  of  the  simplest 
and  most  effective  ways  to  remove  water  from  the  fuel  cell  stack 
[3,10-12],  It  was  reported  that  the  purging  method  is  able  to 
prevent  cell  degradation  due  to  ice  formation  [3],  In  addition, 
the  purging  method  has  a  distinct  advantage  in  that  the  power 
systems  do  not  need  to  adopt  extra  devices.  Even  though  it  is 
most  beneficial  to  completely  remove  water,  this  requires  much 
energy  and  time.  In  order  to  reduce  parasitic  energy  losses  and 
enhance  the  user’s  convenience,  a  purging  method  that  consumes 
less  energy  and  requires  less  time  should  be  developed.  There¬ 
fore,  the  characteristics  of  water  removal  by  dry  gas  purging 
must  be  investigated.  In  this  report,  the  ohmic  resistance  and  the 
total  amount  of  residual  water  were  measured  to  investigate  the 
effects  of  purging  time,  the  flow  rate  of  purging  gas,  the  operation 
current,  and  the  stack  temperature  on  the  water  removal. 


ation,  we  executed  the  shut  down  process,  which  consisted  of 
disconnecting  the  load  and  purging  dry  nitrogen  with  these  two 
operations  being  carried  out  simultaneously.  The  electronic  load 
was  decreased  to  zero,  and  dry  nitrogen  was  supplied  to  the  stack 
to  discharge  water. 

2.2.  Measurement  of  residual  water 

The  dehydration  level  of  the  electrolyte  membrane  and  the 
total  amount  of  residual  water  were  measured  to  examine  the 
water  removal  characteristics.  First,  a  milliohm  meter  (Hioki 
3560)  was  employed  to  observe  the  resistance  of  the  membrane. 
The  measured  resistance  can  be  converted  to  the  hydration  level 
of  the  membrane  by  applying  an  empirical  correlation  between 
proton  conductivity  and  water  content  [13]. 

In  order  to  measure  the  total  amount  of  residual  water  in  the 
stack,  a  novel  method  using  the  phase  change  of  liquid  water 
to  gas  was  developed.  The  main  idea  of  the  method  is  that  the 
amount  of  water  can  be  estimated  by  considering  the  change 
of  internal  pressure  in  the  stack  after  all  of  the  water  in  the 
stack  evaporates.  However,  it  is  difficult  to  completely  vaporize 
liquid  water  under  moderate  temperatures.  As  liquid  water  is 
changed  to  vapor,  the  pressure  in  the  stack  rises  exceedingly  so 
that  the  boiling  point  of  water  rises  above  100  °C.  Therefore,  the 
temperature  of  the  stack  should  be  maintained  much  higher  than 
100  °C  to  vaporize  all  of  the  liquid  water  even  though  keeping  the 
cell  above  200  °C  causes  deterioration  of  sulfonic  acid  groups 
in  the  polymer  electrolyte. 

To  solve  this  problem,  it  was  considered  that  the  boiling  point 
decreases  consistently  with  pressure.  Fig.  1  represents  the  prin¬ 
ciples  of  the  method.  Two  vacuum  tanks  with  internal  volumes  of 
40  L  each  were  employed  to  depressurize  the  stack:  one  was  used 
for  the  anode,  and  the  other  was  used  for  the  cathode.  The  tanks 
were  purged  with  dry  nitrogen  with  a  flow  rate  of  10  L  min-1 
for  an  hour  in  a  climate  chamber  at  100°  C  to  completely  elim¬ 
inate  water.  Then,  the  nitrogen  was  evacuated  from  the  tanks 


2.  Experimental 


Vacuum  Tank  Vapor 


2.7.  Stack  fabrication  and  operating  conditions 

A  PEMFC  short  stack  consisting  of  three  cells  was  fabricated. 
The  cells  consisted  of  commercially  available  MEA  (250  cm2), 
gas  diffusion  media  (GDM),  and  bipolar  plates.  The  assembled 
stack  was  activated  for  24  h  with  fully  humidified  hydrogen  and 
air. 

Prior  to  the  shut  down  process,  the  PEMFC  stack  was  oper¬ 
ated  at  65  °C  for  90  min  to  generate  and  distribute  water  in  the 
stack.  The  reactant  gases  were  fully  humidified  in  a  bubbler 
type  humidifier  whose  temperature  was  65  °C.  After  the  oper- 


Fig.  1.  Principles  of  the  method  using  the  phase  change  of  water  for  the  mea¬ 
surement  of  residual  water:  (a)  before  connecting  the  stack  to  vacuum  tanks,  (b) 
immediately  after  connecting,  and  (c)  equilibrium  state. 
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Fig.  2.  Schematic  sketch  of  experimental  devices  for  measuring  the  amount  of 
residual  water. 


by  a  diaphragm  pump.  After  the  fuel  cell  stack  was  operated 
under  specific  conditions,  it  was  transferred  and  connected  to 
the  two  tanks,  which  were  kept  under  reduced  pressure  in  the 
climate  chamber  (Fig.  1(b)).  The  stack  and  tanks  were  main¬ 
tained  at  95  °C  for  a  few  hours  in  the  climate  chamber  to  attain 
an  equilibrium  state  (Fig.  1(c)).  Fig.  2  shows  the  entire  set  of 
devices  used  for  the  measurement.  The  climate  chamber  was 
used  to  constantly  maintain  the  temperature  of  the  stack  and 
tanks.  Pressure  difference  transmitters  and  a  reference  pressure 
tank  were  applied  to  observe  the  internal  pressure  change  in  the 
stack. 

3.  Results  and  discussion 

3.1.  Estimation  of  water  content  in  the  electrolyte 
membrane  by  measuring  the  resistance  of  the  stack 

The  proton  conductivity  of  perfluorosulfonated  polymers 
such  as  Nation  depends  on  the  amount  of  water  in  the  poly¬ 
mer.  Springer  et  al.  provided  an  empirical  correlation  between 
the  number  of  water  molecules  in  each  sulfonic  acid  group  (A.) 
and  proton  conductivity  (k)  [13].  They  reported  that  proton  con¬ 
ductivity  has  a  linear  dependency  on  X 

k  =  (0.5139A  -  0.326) exp  [l268  (1) 

where  T  is  the  temperature.  Using  this  relationship,  the  mem¬ 
brane  dehydration  level  can  be  estimated  by  measuring  the  E, 
resistance.  g 

However,  the  measured  resistance  is  attributed  not  only  to  3 
the  electrolyte  as  discussed  previously  but  also  to  the  contact  g 
resistance.  Thus, 

Measured  resistance  =  membrane  resistance 

+  contact  resistance  (2) 

Therefore,  to  accurately  calculate  the  membrane  dehydration 
level,  it  is  required  to  subtract  the  contact  resistance  from  the 
measured  resistance.  The  contact  resistance  occurs  at  interfaces 
between  a  bipolar  plate  and  GDM  as  well  as  between  GDM 


and  the  catalyst  layer.  Measurement  of  the  contact  resistance 
between  a  bipolar  plate  and  GDM  is  comparatively  easy  and  has 
already  been  performed  in  many  studies  [14-16].  On  the  con¬ 
trary,  it  is  not  simple  to  directly  measure  the  contact  resistance 
between  GDM  and  a  catalyst  layer. 

We  measured  the  high  frequency  resistance  (HFR)  of  the 
fuel  cell  stack  under  different  humidity  conditions  to  estimate 
the  contact  resistance  and  validate  Eq.  (1).  Humidified  nitrogen 
was  fed  to  the  fuel  cell  stack  with  flow  rates  of  5Lmin_1  for 
the  anode  and  cathode,  while  the  temperature  of  the  stack  was 
maintained  at  65  °C.  The  relative  humidity  of  the  nitrogen  gas 
was  varied  using  values  of  63,  70,  80,  88,  and  100%  at  65  °C. 
Under  the  condition  that  membrane  reaches  equilibrium  with 
humid  nitrogen,  these  humidity  conditions  can  be  converted  to 
X  values  by  the  correlations  below  [13]: 

if  0  <  a  <  1,  X  =  0.043  +  17.18a  -  39.85a2  +  36.0a3 
if  1  <  a  <  3,  X=  14+1.4(a-  1)  *  * 

where  a  is  the  water  activity,  which  is  defined  as  water  vapor 
pressure  divided  by  the  saturated  water  vapor  pressure.  By  using 
Eq.  (3),  the  relative  humidities  of  63, 70, 80, 88,  and  100%  result 
in  X  values  for  the  electrolyte  membrane  of 4.05, 4.87, 6.64, 8.83, 
and  13.37,  respectively. 

A  plot  of  X  versus  measured  resistance  (■)  is  presented  in 
Fig.  3.  The  resistance  values  calculated  by  Eq.  (1)  (O)  and 
the  differences  between  the  total  and  the  electrolyte  membrane 
resistances  (A)  are  also  shown  in  Fig.  3.  Firstly,  the  calculated 
membrane  resistances  show  a  similar  tendency  to  the  measured 
ones.  In  addition,  the  differences  between  the  measured  stack 
resistances  and  the  predicted  electrolyte  membrane  resistances 
varied  only  slightly  by  changing  the  gas  humidity.  The  aver¬ 
age  value  was  0.7140m£2  with  a  standard  deviation  of  only 
0.030  m£2.  Therefore,  it  can  be  concluded  that  Eq.  (1)  agrees 
well  with  the  experimental  results  and  the  contact  resistance  of 
the  stack  is  estimated  as  0.7140  m£2. 

Based  on  the  measured  contact  resistance  and  Eq.  (1),  an 
empirical  correlation  between  the  water  content  in  the  membrane 


X 

Fig.  3.  Comparison  of  the  measured  stack  resistance,  the  electrolyte  membrane 
resistance  predicted  by  Eq.  (1),  and  the  estimated  contact  resistance  as  a  function 
of  A. 
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Fig.  4.  Pressure  built  by  vaporization  after  the  stack  was  connected  to  the  vacuum 


(A)  and  the  stack  resistance  (r)  was  derived  as  follows: 

r(m£2)  =  0.7140  H - - . 

0.7926 A.  -  0.5028 


values  are  so  small  that  the  ideal  gas  equation  is  suitable  for 
calculating  the  amount  of  water  from  the  vapor  pressure. 

3.3.  Effect  of  purging  time 


3.2.  Measurement  of  the  amount  of  residual  water 

The  stack  was  operated  at  a  constant  current  load  of  175  A  for 
90  min  and  purged  for  a  minute  with  dry  nitrogen  at  flow  rates 
of  3.1  and  9.9  L  min-1  for  the  anode  and  cathode,  respectively. 
Then,  the  stack  was  transferred  and  connected  to  two  vacuum 
tanks,  which  were  described  in  Section  2,  in  the  climate  cham¬ 
ber  at  95  °C.  Fig.  4  displays  the  internal  pressure  change  of  the 
stack  after  it  was  connected  to  the  tanks  in  the  climate  cham¬ 
ber.  The  internal  pressure  was  almost  zero  immediately  after  the 
connection  because  the  overall  internal  volume  of  the  vacuum 
tanks  was  much  bigger  than  that  of  the  stack.  The  overall  volume 
of  the  vacuum  tanks  was  80  L  while  that  of  the  stack  was  only 
141  mL.  After  400  min,  the  pressure  did  not  increase  further, 
which  means  the  system  reached  equilibrium.  The  fully  devel¬ 
oped  pressure  was  50.4  kPa,  which  is  smaller  than  84.55  kPa, 
which  is  the  saturated  vapor  pressure  at  the  temperature  in  the 
climate  chamber  (95  °C)  [17].  Therefore,  we  can  conclude  that 
all  of  the  liquid  water  in  the  stack  evaporated  into  vapor. 

Using  the  ideal  gas  equation,  the  amount  of  residual  water  can 
be  calculated  from  the  changes  in  vapor  pressure.  To  examine  the 
accuracy  of  the  ideal  gas  equation,  comparisons  between  values 
calculated  by  the  equation  and  those  obtained  from  experiment 
were  carried  out.  The  results  are  presented  in  Table  1.  From  the 
table,  the  differences  between  the  calculated  and  experimental 


Water  removal  was  examined  using  different  purging  times 
in  order  to  investigate  the  effect  of  purging  time  on  the  amount 
of  residual  water.  As  described  in  Section  2,  prior  to  shut  down, 
the  stack  was  operated  at  65  °C  with  fully  humidified  hydro¬ 
gen  and  air  (operation  current:  175  A).  After  the  operations,  dry 
nitrogen  was  purged  for  the  following  durations:  no  purge,  30, 
60,  120,  300,  and  1200  s.  The  flow  rates  of  nitrogen  were  3.3 
and  9.9  L  min-1  for  the  anode  and  cathode,  respectively. 

Fig.  5  shows  the  total  amount  of  residual  water  after  applying 
the  different  nitrogen  purging  times .  When  the  purge  process  was 
not  executed  at  all,  the  amount  of  residual  water  was  28.58  g. 
Since  the  internal  volume  of  the  stack  was  141  mL,  about  20%  of 
the  total  volume  was  filled  with  liquid  water  during  the  operation. 
While  water  was  rapidly  discharged  from  the  stack  in  60  s,  the 
water  removal  rate  decreased  gradually  as  the  nitrogen  purging 
was  extended  further.  Even  though  the  stack  was  purged  with 
dry  gas  for  1200  s,  6.42  g  of  water  remained  in  the  stack. 

The  dehydration  characteristic  of  the  electrolyte  membrane 
as  a  function  of  purging  is  given  in  Fig.  6.  Using  Eq.  (4),  A.  is 
presented  on  the  right  axis  of  the  graph  (a).  As  purging  time 
increased,  the  resistance  increased.  The  A  of  the  electrolyte 
membrane  reached  4  in  100  s.  After  120  s,  the  resistance  surged 
upwards  drastically  because  proton  conductivity  became  very 
low.  It  was  determined  that  the  membrane  was  almost  dehy¬ 
drated  in  300  s.  However,  according  to  Fig.  5,  a  significant 


Table  1 

Comparison  between  values  calculated  by  the  ideal  gas  equation  and  those  obtained  by  experiment 


Temperature  (°C) 

40 

60 

80 

100 

Saturated  vapor  pressure  (kPa)  [17] 

7.384 

19.940 

47.39 

101.350 

Specific  volume  of  vapor  from  the  property  table  (m3  kg~ 1 )  [17] 

19.52 

7.671 

3.407 

1.6729 

Specific  volume  of  vapor  from  the  ideal  gas  equation  (m3  kg-1) 

19.579 

7.714 

3.441 

1.7000 

Error  (%) 

0.30 

0.56 

0.98 

1.24 
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amount  of  liquid  water  still  existed  in  the  fuel  cell  stack  after 
purging  for  300  s.  This  means  that  liquid  water  in  GDM,  chan¬ 
nels,  or  manifolds  was  barely  removed  while  the  membrane  was 
dehydrated. 

Although  the  electrolyte  membrane  seemed  to  be  dehydrated 
while  purging  was  executed,  the  resistance  decreased  immedi¬ 
ately  after  purging  was  stopped  (Fig.  6).  The  rapid  decrease  of 
resistance  may  be  attributed  to  the  remaining  water  as  shown 
in  Fig.  5.  After  purging  was  stopped,  the  residual  water  may  be 
well  dispersed  so  that  the  membrane  was  hydrated  again. 

3.4.  Effect  of  flow  rate  of  purge  gas  and  purging  time 

We  investigated  which  is  the  more  influential  parameter  on 
water  removal  between  the  flow  rate  of  the  purge  gas  and  the 
purging  time.  To  study  the  effects  of  these  parameters,  four 
different  purging  methods  were  carried  out.  We  fixed  the  total 
amount  of  purging  gases  by  changing  the  flow  rate  of  the  purge 
gas  and  the  purging  time.  As  the  flow  rate  increased,  the  purg¬ 
ing  time  was  shortened  to  keep  the  total  amount  of  purging 
gas  constant.  The  purging  cases  are  presented  in  Fig.  7.  The 
IQ  represents  flow  rates  of  1.6  and  5.0 L min-1  for  the  anode 
and  cathode,  respectively.  As  mentioned  in  the  previous  section. 
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purging  was  carried  out  after  the  stack  had  been  operated  at 
175  A  for  90  min.  The  residual  water  amounts  for  the  four  cases 
are  presented  in  Fig.  7.  It  was  found  that  increasing  the  flow  rate 
is  extremely  advantageous  compared  to  extending  the  purging 
time  to  remove  the  water  in  the  stack  if  the  same  amount  of  purg¬ 
ing  gas  was  used.  The  reason  why  water  removal  is  more  efficient 
at  higher  flow  rates  might  be  the  gas  speed  in  the  gas  channels 
of  the  stack.  There  are  two  mechanisms  by  which  the  dry  nitro¬ 
gen  stream  removes  water  from  the  fuel  cell  stack:  vaporization 
and  physically  pushing  liquid  water  droplets.  In  the  case  of  the 
latter,  stagnation  pressure  built  up  by  the  gas  stream  should  be 
larger  than  the  retention  force  between  water  droplets  and  the 
channel  walls  to  remove  the  droplets  in  the  gas  channels.  Since 
the  stagnation  pressure  is  directly  proportional  to  the  square  of 
gas  velocity,  the  flow  rate  is  a  primary  factor  affecting  water 
removal. 

Fig.  8  shows  changes  in  ohmic  resistance.  The  increasing  rate 
of  resistance  was  significantly  larger  with  high  flow  rates  than 
with  low  flow  rates.  However,  as  shown  in  Fig.  6,  the  electrolyte 
membrane  was  hydrated  again  after  purging  was  completed. 
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Fig.  6.  The  electrolyte  membrane  dehydration  by  dry  nitrogen  purging:  (a)  Fig.  8.  Effect  of  purge  gas  flow  rate  and  purge  time  on  the  electrolyte  membrane 
magnified  and  (b)  original  figures.  dehydration. 


3.5.  Effect  of  operation  current 
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The  amount  of  residual  water  may  be  affected  by  the 
operation  current  since  the  water  production  rate  is  directly  pro¬ 
portional  to  current.  To  investigate  the  effects  of  the  operation 
current  on  the  amount  of  residual  water,  the  stack  was  operated 
at  30, 100, 175,  240,  and  300  A.  Fully  humidified  hydrogen  and 
air  with  stoichiometries  of  1.5  and  2.0  for  the  anode  and  cath¬ 
ode,  respectively,  were  used  for  the  operation.  After  operation, 
dry  nitrogen  was  supplied  for  5  min  with  flow  rates  of  3.3  and 
9.9  L  min-1  for  the  anode  and  cathode,  respectively. 

Fig.  9  shows  the  amount  of  residual  water  in  the  purged  and 
non-purged  fuel  cell  stacks.  First,  when  the  purging  was  not  exe¬ 
cuted,  it  is  observed  that  the  amount  of  residual  water  decreased 
with  an  increasing  operation  current.  This  might  seem  to  be 
contradictory  since  the  rate  of  water  generation  is  directly  pro¬ 
portional  to  current.  Flowever,  it  should  be  noticed  that  hydrogen 
and  air  flow  rates  are  also  directly  proportional  to  current  because 
the  stoichiometries  were  fixed  at  1.5  and  2.0  for  the  anode  and 
cathode,  respectively.  The  ratio  of  the  amount  of  gas  supplied 
to  water  generation  was  constant  regardless  of  current.  The  high 
flow  rate  in  the  case  of  high  current  operation  might  be  advanta¬ 
geous  in  water  removal  during  stack  operation.  As  mentioned  in 
Section  3.4,  gas  streams  with  high  speeds  in  the  channels  might 
be  able  to  effectively  push  liquid  water  droplets  to  the  outlet. 
Also,  the  amounts  of  residual  water  after  purging  decreased  as 
the  operation  current  increased.  It  was  observed  that  40.5%  of 
the  initial  residual  water  was  removed  after  the  purging  with 
operation  at  30  A. 

Fig.  10  presents  the  effects  of  varying  the  operation  current 
on  membrane  dehydration.  The  electrolyte  membrane  dehy¬ 
dration  occurred  rapidly  when  the  operation  current  was  high. 
This  phenomenon  is  considered  to  be  caused  by  differences 
of  residual  water  right  before  the  purging  step.  However,  the 
membrane  hydration  occurred  again  just  after  purging  was  fin¬ 
ished.  In  conclusion,  in  the  case  of  low  current  operation  such 
as  the  parking  mode  of  automobiles,  the  amount  of  residual 
water  is  so  large  that  a  rigorous  water  removal  process  should  be 
adopted. 
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Fig.  10.  Effect  of  operation  current  on  electrolyte  membrane  dehydration. 

3.6.  Effect  of  cell  temperature 

In  order  to  examine  the  effect  of  stack  temperature  on  the 
amount  of  residual  water  remaining  after  the  purging  process, 
a  series  of  purging  tests  was  carried  out  at  four  different  tem¬ 
peratures.  First,  the  fuel  cell  stack  was  operated  with  a  load  of 
175  A  for  90  min  at  65  °C.  After  the  operation,  the  load  was  dis¬ 
connected  and  all  of  the  stack  inlets  and  outlets  were  closed. 
Then,  the  temperature  of  the  stack  was  adjusted  to  10,  35,  65, 
and  90  °C  in  2  h.  Finally,  purging  was  executed  with  dry  nitrogen 
for  5  min  with  flow  rates  of  3.3  and  9.9  L  min-1  for  the  anode 
and  cathode,  respectively.  The  residual  water  remaining  for  each 
case  is  presented  in  Fig.  11.  It  is  observed  that  water  removal 
was  much  more  effective  at  high  temperatures  compared  to  low 
temperatures.  Considering  that  the  initial  residual  water  amount 
just  before  the  purging  step  was  about  28.58  g,  as  mentioned 
in  Section  3.5,  water  in  the  stack  was  barely  discharged  when 
the  temperature  of  the  stack  was  10  or  35  °C.  These  phenomena 
may  originate  from  the  low  saturated  vapor  pressure  of  water 
in  the  low  temperature  cases.  At  10  and  35  °C,  the  saturated 
water  vapor  pressure  was  so  low  that  purging  gas  could  not  effi- 
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Fig.  12.  Effect  of  stack  temperature  on  electrolyte  membrane  dehydration. 


ciently  carry  water  by  vaporization.  On  the  contrary,  at90°C,  the 
amount  of  water  that  was  discharged  in  the  form  of  water  vapor 
was  largely  due  to  the  high-saturated  vapor  pressure,  resulting 
in  effective  water  removal,  as  shown  in  Fig.  1 1 . 

The  effect  of  stack  temperature  on  membrane  dehydration  is 
presented  in  Fig.  12.  For  temperatures  of  10  and  35  °C,  there 
was  little  change  in  the  water  content  of  the  membrane,  even 
though  purging  was  carried  out  for  5  min.  However,  the  elec¬ 
trolyte  membrane  was  dehydrated  rapidly  at  90  °C.  Therefore, 
for  efficient  water  removal,  it  is  advantageous  to  perform  the 
purging  step  when  the  stack  temperature  is  high. 

4.  Summary  and  conclusions 

In  order  to  investigate  water  removal  characteristics  by  a  dry 
gas  purging  method,  the  resistance  of  the  electrolyte  membrane 
and  the  total  amount  of  residual  water  in  the  short  stack  were 
measured.  The  resistance  measured  by  voltage  excitation  with 
high  frequency  was  converted  to  water  content  in  the  electrolyte 
membrane  by  an  empirical  correlation.  Also,  a  new  method  using 
the  phase  change  of  liquid  water  was  developed  and  successfully 
adopted  to  measure  the  total  amount  of  water  in  the  fuel  cell 
stack.  Using  these  methods,  the  effects  of  four  factors  on  water 
removal  were  examined:  purging  time,  flow  rate  of  purge  gas, 
operation  current,  and  stack  temperature. 

Water  in  the  stack  was  not  removed  completely  even  though 
purging  was  carried  out  for  long  durations  up  to  20  min.  In  all 
cases,  residual  water  hydrated  the  membrane  again  right  after 
purging  was  stopped.  When  it  comes  to  the  effects  of  purg¬ 
ing  time,  the  water  removal  rate  was  observed  to  decrease  with 
increasing  purging  time.  In  addition,  water  removal  was  more 
efficient  with  raising  flow  rates  than  with  extending  purging  time 
when  same  amount  of  purge  gas  was  used.  The  operation  cur¬ 


rent  also  affected  the  residual  water  amount.  When  hydrogen 
and  air  were  supplied  with  constant  stoichiometry,  there  was  a 
remarkably  larger  amount  of  water  remaining  in  the  stack  with 
a  low  current  than  with  a  high  current.  Therefore,  if  the  fuel  cell 
system  in  automobiles  is  operated  with  light  loads  such  as  in 
the  parking  mode,  water  removal  methods  must  be  more  vig¬ 
orous.  Finally,  it  is  advantageous  to  perform  the  purging  step 
when  the  temperature  of  the  stack  is  high.  Once  the  stack  had 
cooled  to  ambient  temperatures,  water  removal  by  purging  was 
very  ineffective. 
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